Introduction
The consistency of the geometrical design can be defined as the harmony between drivers' expectancy and the geometry of the road. If this harmony is high, drivers can guide their vehicles along the road alignment, minimizing the possibility of making a mistake and having an accident [1] . Consistency assessment provides a tool for highway engineers to discriminate between safer and less safe road designs, and to improve designs, including re-design or to use posted speed signs. There are various consistency assessment models (CAM) that, even though they all seek the same objective, the framework, procedures and indexes are different. A simple taxonomy of CAM makes two classifications: aggregate and disaggregates [2] . The disaggregated CAM allows isolated and "s" shaped horizontal curves to be analyzed and considers the operating speed at the middle point of each curve; the Lamm's model [3] is a good example. Another model is presented in Camacho -Torregrosa et al [4] . The aggregated CAM uses the operating speed profile along road segments to assess the consistency level. The Polus' model falls into this category [5] . Each type of CAM estimates a consistency level of a certain road section, based on consistency indexes. Practical questions include, which model is more suitable for consistency studies, are the models case -dependent, and are the aggregated and disaggregated CAM equivalent? The state of the art does not provide answers to these questions.
The aim of this paper is to compare the Lamm's and Polus' models and to try to seek answers to the above questions. The paper begins with a description of Lamm's and Polus' models, including the algorithms for estimating the consistency index and the consistency levels provided by each one. After the data collection is described, including the road test section selection, the speed and geometry data collection procedure and the data processing are presented. The database used for the study is also included. This is followed by an estimation of the operating and design speed profiles, an estimation of consistency indexes and a description of their comparisons. Finally, a proposal for the integration of a consistency assessment model is presented, based on the findings of this research.
Models to be used for consistency assessment

The Lamm's model
The model postulates that the consistency of isolated horizontal curves is described by using the differences between the operating speed (V 85 , in km/h) and the design speed (V D , in km/h) at the middle point of the curve. This is shown in eq. (1). The IC is a consistency index (in km/h) for isolated horizontal curves. If the IC value is high, the difference between operating speeds is high, the consistency level is low and the accident risk increases.
IC = │V
The design speed (V D ) can be obtained from project drawings or by back-calculating its value from in-field measurements of the curve geometry. The operating speed (V 85 ) is the 85 th percentile of the cumulated frequency distribution of the speed obtained from in-field measurements of instantaneous speed, usually measured at the middle point of the curve. If the operating speed cannot be measured, for instance if there is a new design, it can be obtained by using speed-radius models that are locally calibrated. The Lamm's model grades consistency with the levels "good", "fair" and "poor", using the following thresholds for the IC [6] :
 "good" design: IC ≤ 10 km/h  "fair" design: 10 km/h < IC ≤ 20 km/h  "poor" design: IC > 20 km/h Depending on the consistency level, the road improvements needs can be: do nothing, for "good" designs; limit speed signs, for "fair" or "poor" designs; and redesign, for "poor" designs. Some methods based on consistency levels for estimating speed limits in horizontal curves can be seen in [7, 8] .
The Polus' model
The model estimates the consistency index C of eq. (4), and considers the variability of the operating speed profile around the spatial mean of the operating speed along a road segment [9] . If the variability of the operating speed is high, its variance σ (eq. (3), in m/s) is high, the speed parameter R a (eq. (2), in m/s) is high and the consistency index is low. Lower values of C mean a "poor" consistency level, and higher values mean a "good" consistency level. Therefore, in a consistent design of isolated horizontal curves, a flat speed profile is expected. However, it is not a guarantee that the operating speed will be similar to the design speed.
In eq. (2), Ra represents the relative area between the speed profile and the mean speed, normalized by the length of a road section. (See Fig. 1 ). The term Σ│a i │ is the absolute sum of unitary areas, in m 2 /s. The term L is the segment length, in m. In eq. (3) the term σ represents the standard deviation of the operating speeds, in m/s. V i is the operating speed at the discrete element of length "i", in km/h. V m is the spatial average operating speed along the segment of length L and n is the number of discrete elements of length along the segment L, which can be selected arbitrarily. The model rates the consistency level as "good", "fair" and "poor", using the following thresholds for C [9] :
 "good" design: C > 2 m/s  "fair" design: 1 < C ≤ 2 m/s  "poor" design: C ≤ 1 m/s
Field data collection
Test sections selection
In this research a test section is defined, which is an isolated horizontal curve with a tangent length of up to 400 m in length at the both sides of the curve. It ensures that the horizontal curve is isolated from the neighboring horizontal curves. The selection of test sections was performed in two Figure 1 . Speed profile used in the Polus' model, considering n = 4. Source: adapted from [10] stages. In the first stage, a preliminary set of test sections was obtained using satellite images, the road network stored in the GIS at the University of Concepcion's Transport Laboratory , the National Road Traffic Survey and the National Road Inventory both Chilean Ministry of Public Works [11] [12] [13] . Using this database and the following criteria, 67 test sections were selected.  Location: only test sections near to Concepcion City were selected in order to reduce the operating costs of taking the measurements.  Type of pavement surface: only paved surfaces.  Traffic: annual average daily traffic lower than 5000 vehicles/day-year, according to [14] .  Access: without lateral access or intersections.  Land use: outside urban areas and without a presence of houses, schools, and farms in the test section or near in order to avoid pedestrian, non-motorized and agricultural machine traffic.
In the second stage, each test section, selected using the previous criteria was inspected in-field. The criteria considered were the following:  Good pavement condition.  Test sections without road works.  Test section with proper lateral clearance and without facilities in lateral areas that could interrupt traffic.  Test sections in areas in which satellite signal could be destabilized were avoided, such as in areas with dense forest or that have high tension electric towers or electric stations.  For safety, only test sections with enough clearance for vehicle maneuvers or parking of probe vehicles were selected.  Test section with low roadside hazard index according to [15] .
Speed and geometry measurements in the test sections
A 10 Hz GPS logger was used for speed measurements. The GPS obtained position data from eight satellites based on RTK (Real Time Kinematics) technology and speed was based on the Doppler Effect, which allows location and speed data to be obtained from a vehicle in motion. The device simultaneously measured position, time, distance, longitudinal speed and heading, as well as other parameters, every 0.1 s, with a precision of 0.2 km/h for speed, 0.05 % for distance and 0.1° for heading [16] . The device uses software for raw-data processing and to generate data reports, with which it is possible to build a speed and position data base. The device can be easily mounted and dis-mounted in a probe vehicle. The device was mounted in the interior part of the windshield of the car and then connected to the GPS antenna. It was placed on the roof and aligned to the longitudinal axis of the vehicle. This position is fixed during the speed measurements.
Speed measurements were obtained using the car following procedure in which the probe vehicle is the follower and the vehicle followed is the leader. The objective is to replicate the speed of the leader vehicle using a probe vehicle (the follower). While this is taking place the probe vehicle tries to keep a constant gap between both vehicles. Details of this measurement procedure can be seen in [17] . The measurement started with the probe vehicle being parked at the roadside with the GPS logger aligned and paused, waiting for a vehicle to enter the test section. Once the vehicle overtakes the probe, the driver turns on the GPS and the probe begins to follow the car and adjusts its speed until the distance between both vehicles is stable, by approximately 50 m. The stabilization of the speed is in the entrance tangent. If the probe vehicle confronts road or traffic conditions that force it to change speed, trajectory or abandon the pursuit, the measurement was discarded. The procedure was repeated between 20 and 30 times per test section, in order to obtain enough speed, position and heading data points.
Data processing
The data processing allows the horizontal curve geometry and the operating speed to be estimated. The process begins with the coupling and debugging of raw-data by using the Kalman filter implemented in the software of the GPS logger. Data coupling allows the speed-distance and headingdistance signals along the test section to be obtained. The depuration of data consisted in correcting data anomalies or data missing that was caused by dropouts (satellite signal disruption or degradation due to, for instance, the presence of dense forest or high voltage transmission towers). After this distance profiles were built for each run and test section heading: distance and speed -.
Geometry and speed profiles estimation
Geometry estimation
The geometry of the test section was obtained from the heading-distance profile. In these types of diagrams the slope changes allowed the starting and ending point of the curve (PK and FK respectively) to be detected. Once both points are identified, the middle point of the curve (MC) and the starting point (TE) of the entrance tangent were obtained. The TE was located 200 m from the starting point of the curve. After locating the characteristic point, the radius was estimated to be the inverse of the curvature and the curve length to be the distance between the PK and FK points. Fig.  2 shows a generic diagram of the test section.
Operating speed profile estimation
In each test section the speed-distance diagram of each run were organized in such way that the TE, PK, MC and FK points coincided as much as was possible. Because the trajectory of the probe vehicle is slightly different for each run, an exact coincidence of these points is not possible. Anomalous speed-distance data were erased from the database, and a total of 34 test sections with 20 runs were used in the remainder of the study. The speed-distance profiles were used to estimate operating speed at each characteristic point of the test section. The departure tangent was not considered as drivers usually accelerate and rapidly increase their speed when leaving the horizontal curve, which changes the distance from the probe vehicle. In this case Figure 2 . Configuration of a test section and its characteristics points. Source: The authors the car pursuit method loses accuracy and does not represent the speed of the leader vehicle. The operating speed was estimated at points TE, PK, MC, and FK as follows. Around each one of these points the 40 neighbor speed data points were grouped (20 data points per side). This procedure was repeated for each run. After the speed data points were grouped, a sample of between 820 and 1230 speed data points was obtained, depending on the number of runs. This sample was used to elaborate an empirical probability density function (pdf). It was fitted to a normal pdf to finally estimate the 85th speed percentile.
Design speed profile estimation
It was assumed that the design speed is constant along the test section. The design speed was estimated according to the design criterion of the Chilean Highways Manual, which recommends designing horizontal curves, assuming that the superelevation is twice the design friction [18] . Considering this criterion in the mass-point model for horizontal curves design, the design speed (V D in km/h) can be obtained by using eq. (5), in which R is the radius (in m) and f is the design friction coefficient (decimal).
Summary of data
The data obtained for each test section was summarized in an isolated database as is shown Table 1 . It includes the geometrical radius, the design speed and the operating speed at each point of the test section. 
Comparison of Lamm's and Polus' models
Estimation of the consistency indexes
The consistency indexes were estimated using the data from Table 1 . The operating speed at the middle point of the curve (MC) was used to estimate the IC of eq. (1). To estimate the C index of eq. (4) two sceneries were considered. In the first, the value of σ (eq. (3)) was obtained using the operating speed and the spatial average value of the operating speed from Table 1 . In the second, the mean value of the operating speed was replaced by the design speed in eq. (3), consequently obtaining eq. (6) and eq. (7).
The term Ra of eq. (6) remains the same, but the expression Σ│a i │ is estimated in terms of the operating speed and design speed in each test section. It was assumed that the parameters of the models do not vary if the spatial average speed is replaced by the design speed.
Comparison of consistency indexes
The comparison considered four analyses: (a) comparison between the IC and C indexes for all the test sections (Fig. 3); (b) comparison between the IC and C indexes for all the test sections for 3 levels of radius (Fig. 4) ; (c) comparison between the IC and C indexes for all test sections, but replacing the spatial average of the operating speed by the design speed ( Fig 5); and (d) , comparison between the IC and C indexes for 3 levels of radius and replacing the spatial average of the operating speed by the design speed (Fig. 6) . In Fig. 3 -6 the quadrants 1 to 3 represents a "fair" consistency level and the quadrants 4 to 6 represents a "good" consistency level, both according to Lamm's model. Note that for the data analyzed none of the test sections was rated as "poor" according to Lamm's model. Similarly, according to the Polus' model, the quadrants 1 and 4 represent a "poor" consistency level, the quadrants 2 and 5 a "fair" consistency level and the quadrants 3 and 6 a "good" consistency level. Thereby, only in quadrants 2 and 6 are both models of consistency assessment equivalent. According to Fig. 3 , 5 test sections were rated as having a "fair" design and 14 as having a "good" design by the two models (quadrants 2 and 6). However, 15 test sections were rated as having a different consistency level, depending on the method used (quadrants 3 and 5). This ambiguity shows that the actual consistency level cannot be obtained by separately using the CAM.
The test sections located in quadrant 3 of Fig. 3 , have differences between the operating and design speeds that are higher than 10 km/h as the operating speed profiles of these curves are approximately uniform along the test sections and the variability of the speed is low. As a consequence, the value of Ra and σ are low and, therefore, the C index is high. The consistency level according Polus' model was "good" despite the consistency level according to Lamm's model being described as "fair". This means that if the operating speed profile is uniform, the consistency level will tend to be "good" when using Polus' method, but at the same time it will have a "poor" or "fair" consistency level according to Lamm's method, depending on the differences between the operating and design speeds. The test sections located in quadrant 5 have a "good" consistency level according to Lamm's model, because the difference between the operating and design speed was lower than 10 km/h. Also, because the operating speed profiles in these test sections were not uniform the values of Ra and σ tended to be higher and consequently the C value tends to be low. This behavior is typical of horizontal curves in which the operating speed diminishes at the entrance tangent up to the design speed inside the curve. In this case, Polus' method detected high variability, but Lamm's method only detected harmony between operating and design speed at the middle point of the horizontal curve.
In a second analysis, the comparison of consistency models considered three levels of radius, as shown in Fig.  4 . In test sections with a radius lower than 300 m, the consistency level obtained is similar for both models. In test sections with a radius between 300 and 500 m the variability of operating speeds tends to diminish, but the difference between operating speed and design speed do not follow a clear pattern. For this reason, in this segment of radius, the consistency level tends to be "good" when using Polus' model and "good" or "fair" when using Lamm's model. For a radius higher than 500 m, the speed profiles tend to be uniform and the C values tends to be higher. As a consequence, test sections can be located in quadrants 3 or 6 depending on the IC value. The variability of the IC index for higher radius is explained for the operating speed at the entrance tangent. Because the speed profiles are uniforms, if the operating speed at the entrance tangent is very different to the design speed, the CI values increase and the consistency level decrease. Conversely, if the radius is low, the variability of the speed profile increases, especially if the operating speed at the entrance tangent is high. In this case, the C value decreases but the IC value will depend on the difference of that speed with regards to the design speed. Fig. 5 and 6 show the comparison between the IC index and the modified index of Polus' model (see eq. (7)). Following the same order of the previous analysis, Fig. 5 plots the consistency index for all the test sections and Fig.  6 for three radius levels. The consistency index's observed pattern is different to these observed in Fig. 3 and 4 , because both consistency indexes are linked by design speed. In Fig. 5 the test sections that have a low consistency level using the IC index also have a low consistency level using the C index. This means that the test sections exhibit a speed profile that is highly variable that, at the same time, has an operating speed higher than 10 km/h (quadrant 1). Conversely, the test sections that have low IC values, also have higher C values, which means that they have a better consistency level. This is due to the low variability of operating speed profile and the low difference between the operating and design speed.
As Fig. 6 shows, this pattern is not only dependent on the radius of the horizontal curves. The pattern is not absolutely clear, but the general trend shows that the test sections with low radii tend to be less consistent than those with higher radii. Test sections with radii lower than 300 m (V D < 85 km/h) simultaneously exhibit high IC values ("fair" design) and low C values ("poor" or "fair" design). This means that the gap between operating and design speed increases at the same time that the operating speed profile oscillates around the design speed. For radii between 300 and 500 m, the pattern is more attenuated. The gap between operating and design speed decreases but not necessarily the variability of the speed profile. However, the oscillation is sufficiently low to increase the consistency level, and according to Polus' model obtains more stable speed profiles. 
Integrated Consistency assessment
From the previous discussion the following aspects can be highlighted:  The Lam and Polus models are not equivalent but complimentary.  The lack of equivalence is due to Lamm's model not considering the variability of the speed profile and Polus' model considering the spatial variability of the speed profile with a mean value of operating speed and not with the design speed.  If complimentary, the consistency level obtained using both models at the same time, depends on the radius, operating speed at the entrance tangent and on the design speed.  Although that the sample size is not enough to establishes a definitive pattern, when design speed is included in Polus' model, it is observed that both models tend to be correlated. Therefore if the consistency level is "good" according to Lamm's model, it will also be "good" according to Polus' model. For purposes of geometrical design, the findings of this research are summarized in Fig. 7 . This figure shows a generic shape of the speed profile in isolated horizontal curves and the gap between operating speed and design speed, assuming that the operating speed at the entrance Figure 7 . A generalization of operating speed profile and design speed for consistency assessment integrating Lamm's and Polus' models. Source: The authors tangent is high and that the driver always decelerates when entering the curve. In the figure, Vop represents the operating speed and V D the design speed. Fig. 7 shows that the better design (the more consistent one) is that in which the operating speed profile is flat and similar to the design speed (quadrant "Good/Good"). The worst design (least consistent) is that in which the operating speed profile is highly variable and the gap between operating speed and design speed is high (quadrant "Poor/Poor"). Other acceptable designs (slightly consistent) are those that obtain speed profiles such as the "Fair/Good", "Fair/Fair" and "Good/Fair" quadrants, in which the operating speed profile is relatively flat and the difference between operating and design speed is lower than 20 km/h. However it is recommended that in these cases the geometrical design included an advisory speed at the entrance tangent to inform drivers about the curve's lack of consistency. Other designs that promote speed profiles associated with the consistency levels "Poor/Poor", "Poor/Fair", "Poor/Good", "Fair/Poor" and "Good/Poor" are not desirable, because lack of consistency increases the risk of accident (The highlighted quadrants in Fig. 7 ).
Conclusions
This paper compared two models for consistency assessment: the Lamm's model, which estimates the consistency level using the difference between the operating and design speed; and the Polus' model, which estimates the consistency level by assessing the spatial variability of the speed profile along a road segment. The comparison was performed for 34 isolated horizontal curves on two-lane rural roads. Speed data, position and headings were obtained using a GPS device.
Lamm's model compares the operating speed with the design speed at the middle point of the curve, and this is not capable of detecting the spatial variability of the operating speed profile. On the other hand, Polus' model detects variability but is not capable of estimating the differences between operating speeds and design speeds. For this reason it was hypothesized that both models are not equivalent but complementary. The results obtained for the 34 horizontal curves studied show evidence of this assumption. Some horizontal curves were rated as "good" using Polus' model because the speed profile was flat, but at the same time were rated as "fair" using Lamm's model because the operating speeds were quite different to the design speed and vice versa.
The study also shows that if the spatial average of the operating speed is replaced by the design speed in Polus' model, coherence with Lamm's model increases. In fact, when the consistency level obtained using Polus' model is high, it is also high under Lamm's model. However, to improve Polus' model using the design speed, a recalibration of the coefficient of the C index could be necessary. As such, this finding should be studied in more detail.
The results obtained with empirical data allow us to propose a general guideline to promote consistent designs of isolated horizontal curves, which was synthetized in a conceptual diagram that included the combination of operating speed profiles and design speed desirables associated to the geometrical design. In general, designs that promote flat operating speed profiles and are similar to designs speed are preferable to ensure that drivers can guide their vehicles along the road in an aligned manner, minimizing the possibility of making a mistake and suffering an accident. This is the essence of consistent geometrical design.
